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MONOLITHIC INTEGRATED CIRCUIT
INCLUDING A WAVEGUIDE AND QUANTUM
WELL INVERSION CHANNEL DEVICES
AND A METHOD OF FABRICATING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part of U.S. appli-
cation Ser. No. 09/710,217, filed on Nov. 10, 2000, now
abandoned, which 1s a confinuation-in-part of application
Ser. No. 08/949,504 entitled “An Apparatus and a Method of
Fabricating Inversion Channel Devices with Precision Gate
Doping for a Monolithic Integrated Circuit, filed on Oct. 14,
1997, now abandoned 1n the name of G. W. Taylor which in

turn was a continuation of provisional application 60/028,
576 filed on Oct. 16, 1996, abandoned all of which are

incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mvention relates to the field of semiconductor het-
erojunction devices and, 1n particular, to transistors, optical

emitters, optical detectors, optical modulators, optical
amplifiers and other optoelectronic devices utilizing an
inversion channel created by modulation doping.

2. State of the Art

This 1invention builds upon the existing device structure
known as the Pseudomorphic Pulsed Doped High Electron
Mobility Transistor (Pulsed Doped PHEMT) and sometimes
referred to as the Pulsed Doped Modulation Doped Field
Effect Transistor (Pulsed Doped MODEFET) or the Pulsed
Doped Two Dimensional Gas Field Effect Transistor(Pulsed
Doped TEGFET). GaAs/InGaAs/Al Ga,_ As is the III-V
material system of choice for these devices because of the
ability to grow high optical/electrical quality epitaxial layers
by MBE (molecular beam epitaxy). These high frequency
transistors are now 1n constant demand as the front end
amplifier 1n wireless and MMIC applications and they have
become well recognized for their superior low noise and
high frequency performance.

The use of pulse doping 1n the HEMT epitaxial structure
was first disclosed at the IEEE Cornell conference on high
speed devices in Aug. 1983 (Lee 1983), in the context of the
GaAs/AlGaAs HEMT device. In that case the heterojunc-
fion interface containing the inversion channel was formed
between GaAs and AlGaAs materials. In a later publication
(Rosenberg 1985), a strained layer of InGaAs was employed
at the heterojunction with GaAs both above and below the
quantum well. Then 1 1987, Morkoc and coworkers pat-
ented the Pseudomorphic HEMT structure, which 1s the
structure reported by Rosenberg but with the GaAs above
the quantum well replaced by Al _Ga,_ _As.

The pseudomorphlc transistor structure has been very
successiul 1n producing microwave transistors that operate
well 1into the multi-gigahertz regime, 1nitially being used
extensively 1n military systems and now finding their way
into commercial products, particularly in the area of cellular
communications. There has been a growing interest in
combining the PHEMT with optical capability because of
the difficulty in propagating very high frequency signals to
and from the integrated circuit by coaxial lines. Combining
clectronic with optoelectronic components monolithically
ogrves rise to the concept of the optoelectronic integrated
circuit (OEIC). However, there are serious problems
encountered because of the dissimilar nature of the struc-
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tures of the FET, the pn junction laser and the MSM or PIN
diode. To achieve this goal 1t has been proposed to change
the structure by modifying the growth between the quantum
well and the interface to enable an ohmic contact 1nstead of
a Schottky contact (see U.S. Pat. No. 4,800,415). In this
patent, the PHEMT growth structure 1s modified 1 the
region between the modulation doping and the semiconduc-
tor surface and the doping 1s proposed to be substantially
p-type 1n order to provide a low resistance ohmic contact for
the gate of the FET. However, this high doping creates a
problem 1n the formation of the vertical cavity laser because
of the effects of free carrier absorption. It also creates a
problem 1n forming depletion-type FETs by implanting
n-type dopant, 1.€., compensating a large p densﬂy with a
large n densny to obtain a lower p densny 1s difficult to
control 1n a bulk region but much easier in a delta doped
region. It makes control of the enhancement threshold
difficult too, because the input capacitance 1s a function of
doping which 1s harder to control than layer thickness.
Another problem with this doping scheme 1s 1n producing
elffective current funneling for the laser to direct the current
flow 1nto the region of stimulated emission. It 1s very
desirable to create a pn junction by N type implantation to
steer the current 1n this structure since this would be com-
patible with the overall approach to building the FET
devices. The heavy p doping makes 1t difficult to create
junction 1solation that i1s low leakage.

SUMMARY OF THE INVENTION

It 1s therefore an object of the invention to provide a single
layer structure which can be used to realize within a single
integrated circuit chip a wide range of optoelectronic
devices (including lasers, detectors, FET devices, bipolar
transistor devices, waveguide devices).

Another object of this invention 1s to devise a fabrication
sequence to realize all these components simultaneously in
a vertical cavity format for the optoelectronic devices. This
fabrication sequence preferably minimizes the number of
steps and preferably produces the minimum height final
structure to maximize manufacturing yield.

It 1s a further object of this imvention to achieve these
goals with a unique combination of planar sheet dopings
which modity the generic PHEMT structure and provide it
with optoelectronic capability.

An additional object of this nvention i1s to solve the
problems of existing optoelectronic device manufacturing
approaches and thereby provide for optimization of vertical
cavity laser 1solation, parasitic loss and FET threshold
voltage.

In accord with these objects, which will be discussed 1n
detail below, a semiconductor device structure and a fabri-
cation technology are provided which meet these objectives
which achieves vertical cavity laser and detector operation
and FET operation within the same element. In accordance
with one 1llustrative embodiment of the invention, the struc-
ture 1mplements a field effect transistor device called a
PHEMT where the gate contact 1s ohmic 1n nature as
opposed to a Schottky diode. The ohmic contact 1s non-
rectifying whereas the Schottky diode contact is rectifying to
applied signals. Between the gate metal and the modulation
doped layer of the PHEMT are two planar sheet charge
doping layers both of opposite doping type (p type) to the
modulation doped layer (n type). The top one at the surface
enables a low resistance ohmic gate contact. The lower one,
spaced below the top one by a specific thickness of charge
neutral and essentially undoped wide bandgap semiconduc-
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tor material and yet above the modulation doped layer of the
PHEMT, defines the mnput capacitance of the field etfect
active device with respect to the modulation doped layer.
The PHEMT itself 1s comprised of the modulation doped
layer deposited upon a spacer layer of wideband material
which 1s deposited on a small spacer of GaAs and then a
series of barriers (GaAs) and wells (In, Ga,__As) all depos-
ited on a sub-layer of GaAs. This modulation doped quan-
tum well structure provides an inversion channel for the
active devices described herein. An additional region of high
doping of the same type as the modulation doped layer may
be added below the PHEMT structure in the wideband gap
waveguide cladding material to produce a pn junction. This
structure 1mplements a thyristor that can be configured to

operate as a laser or a detector.

To form the inversion channel devices, source and drain
clectrodes are provided on either side of a refractory metal
gate/emitter using 1on implantation and standard self align-
ment techniques. The source and drain electrodes are met-
allized after a high temperature anneal which activates the
implanted species. For the field effect transistor, the gate
contact metal forms a uniform metal feature across the
length (short dimension) of the device. For the optoelec-
tronic devices (laser, detector, optical amplifier and
modulator) the gate metal is opened to allow the passage of
light either into or out of the active region and the surface
P++ planar sheet doping 1s relied upon to produce a constant
potential across the optical opening. Then the current flow
from the gate metal contact into the active layer 1s a two
dimensional funneling mechanism which 1s enabled by the
use of a S1 implant to steer the carrier flow. The optoelec-
tronic devices are resonant vertical cavity devices and the
spacing between the two planar doping p type layers 1is
adjusted to produce a vertical cavity whose dimension 1s an
integral number of half wavelengths.

The above embodiment produces optoelectronic devices
that emit or detect normal to the surface. In another
embodiment, the DBR mirrors of the vertical cavity perform
as the cladding layers for a dielectric waveguide, and the
light 1s entered mto the edge of the device by means of a
passive waveguide fabricated monolithically with these
devices. This operation 1s particularly significant for the
detector, modulator and amplifier devices.

Additional objects and advantages of the invention will
become apparent to those skilled 1n the art upon reference to
the detailed description taken in conjunction with the pro-
vided figures.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1A 1s a schematic cross-sectional view showing the
multi-layer sandwich 1n accordance with the present
invention, from which the various electronic and optoelec-
tronic devices described herein can be realized.

FIG. 1B shows the energy band diagram of the FIG. 1A
structure.

FIGS. 2A-2H are schematic cross-sectional views of
active device locations on the substrate after selected pro-
cess steps during the fabrication sequence as follows:

FIG. 2A1llustrates a schematic cross-sectional view of the
active device locations after definition of alignment marks;

FIG. 2B 1illustrates a schematic cross-sectional view of the
active device locations after the N-type 1on implant that
defines the optical aperture for optoelectronic devices;

FIG. 2C 1llustrates a schematic cross-sectional view of the
active device locations after lift-off of a refractory metal
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layer (e.g., tungsten) that is used to form gate/emitter
electrodes of the active devices;

FIG. 2D 1llustrates a schematic cross-sectional view of the
active device locations after gate/emitter electrode definition
and etch and S1 10n 1mplant that forms source and drain
regions of the active devices;

FIG. 2E 1llustrates a schematic cross-sectional view of the
active device locations after definition and etch that exposes
the bottom DBR mirror stack for oxidation;

FIG. 2F 1llustrates a schematic cross-sectional view of the
active device locations after definition and etch of collector
contacts;

FIG. 2G 1llustrates a schematic cross-sectional view of the

active device structure for the HFET optoelectronic device
family (which includes the HFET laser, the HFET detector,

the HFET amplifier, and the HFE'T modulator) realized from
the multilayer structure of FIG. 1A; and

FIGS. 2H(a) and 2H(b) illustrate schematic cross-

sectional views of the active device structure for two exem-
plary HFET transistors realized from the multilayer structure
of FIG. 1A; FIG. 2H(a) illustrates an enhancement-mode
device (having a positive threshold voltage); FIG. 2H(b)
illustrates a depletion-mode device (having a negative
threshold voltage); note that the depletion-mode device of
FIG. 2H(b) includes an n-type ion implant in the channel
region, while the enhancement-mode device of FIG. 2H(a)
does not include an n-type 1ion implant 1in the channel region.

FIGS. 3A-3D 1llustrate schematic cross-sectional views
of a waveguide device formed on the substrate after selected
process steps during the fabrication sequence as follows:

FIG. 3A1llustrates a schematic cross-sectional view of the
waveguide device just before the etching of the gate/emitter
metal layer with the photoresist mask in place;

FIG. 3B illustrates a schematic cross-sectional view of the
waveguide device after a window has been etched in the
dielectric layer (e.g. Si;N,) and Si10, deposited for the
purposes ol vacancy free disordering;

FIG. 3C 1llustrates a schematic cross-sectional view of the
waveguide device after the trench etch for the purpose of
lateral oxidation of the mirror layers under the waveguide;
and

FIG. 3D 1llustrates a schematic cross-sectional view of the
waveguide device after the final top mirror has been depos-
1ted over the structure.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1A shows the layers of a structure in accordance with
an embodiment of the invention and from which all the
device structures associated with the optoelectronic technol-
ogy can be made. A first semiconductor layer 151 and a
second semiconductor layer 152 are deposited 1n pairs upon
a semi-1nsulating gallium arsenide substrate 150 1n sequence
to form a dielectric distributed bragg reflector (DBR) mirror.
In the preferred embodiment, the layers 151 and 152 com-
prise GaAs and AlAs, respectively, and the AlAs layers 151
are subsequently subjected to high temperature steam oxi-
dation to produce the compound Al O, so that a mirror will
be formed at the designed center wavelength. Therefore the
thickness of the GaAs layers 151 and the AlAs layers 152 are
chosen so that the combined final optical thickness of each
GaAs and Al O, layer pair 1s a quarter wavelength. Depos-
ited upon the DBR mirror i1s the active device structure
which begins with layer 170 of heavily doped GaAs of about
2000 A thickness to enable the formation of ohmic contacts.
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In FIG. 1A this layer 170 1s doped P+-type which results 1n
superior performance of the HFET due to an optimized
collector contact. Next layer 171 ot P+-type Al ,Ga,_,,As
(typical thickness of 500-3000 A) is deposited upon the
contact layer 170 and this forms part of the lower cladding
for the optical devices (an Al percentage of x1=0.7-0.8 and
a doping level of 3x10'® cm™ are typical). Layer 156 of

P-type Al Ga,_,,;As with a dopmg of 10''-10"® cm™ and
a thickness of 1000-3000 A is deposited next. Electrically,
this layer 156 forms the p side of the pn junction for the
transistor and 1t provides carrier confinement for the laser,
amplifier and modulator structures. The combination of
Al ,Ga,__,As layers 156 and 171 provide the optical clad-
ding function for the lower waveguide for all laser, amplifier
and modulator structures. Next layer 157 of Al ,Ga,__,As1s
deposnod in which x2 1s 1n the range 0.15-0.2, the thickness
is about 500-1000 A and the P dopmg 1s the background
doping of about 10'°® cm™ (which is found in typical
epitaxial reactors). This layer 157 forms the lower separate
confinement heterostructure (SCH) layer for the laser,
amplifier and modulator devices. Next, layer 158 of undoped
GaAs 1s deposited having a thickness of 100-300 A to form
a spacer layer. Then quantum wells are provided consisting
of undoped well layers 160 (typical thickness of 60-100 A)
and undoped barrier layers 159 (typical thickness of 100 A)
In the 1illustrated embodiment, three quantum wells of
strained InGaAs are used 1n layers 160 but unstrained wells
are also possible. Above the quantum wells, an undoped
spacer layer 161 of GaAs with a typical thickness of 20-40
A 1s deposited. This layer 161 allows the adjustment of the
epitaxial growth temperature from 530° C. as required for
the growth of strained InGaAs layers to a temperature of
620° C. as desired for optical quality Al ,Ga,__,As layers
that are subsequently formed. Next, a spacer layer 162 of
undoped Al,,Ga,_,,As is deposited (typically with a thick-
ness of 20-30 A) which functions as a setback layor for the
modulation doping. On top of layer 162 there i1s deposited
the modulation doped layer 163 which 1s also of alloy
composition Al _,Ga,__,As. Typically, tho doping of layer
163 is in the range from 10"'~10"" cm™ and the thickness
1s 1n the range of 30-100 A In the preferred embodiment,
the doping is 3.5x10"® cm™ and the thickness is 80 A. This
layer 163 1s constantly depleted m all useful modes of
operation of the devices. The modulation doped layer 163 1s
followed by the undoped layer 164 of composition Al ,
Ga,__,As. This layer 164 serves as the input field effect
capacitor layer for all the electronic devices such as the
field-effect and bipolar devices. This layer 164 is often
referred to as the gate spacer layer 1n the context of field-
effect devices. The thickness of layer 164 affects the cutoll

frequency of the device. For example, for a cutoff frequency
of 40 GHz, a typical thickness of 300 A would be used and

for 90 GHz a typloal thickness of 200 A would be more
appropriate. It 1s noted that the sequence of layers from 157
to 164 1nclusive, form the structure that 1s referred to herein
as the PHEMT ftransistor structure. For the optoelectronic
device operation, layer 164 1s the upper SCH region. Depos-
ited upon layer 164 is a very thin (delta-doped) layer 165 of
P+ type Al,,Ga,_,,As. Typical thickness and doping values
are 60 A and 10*° em™>. The doping species for this layer 1s
preferably carbon (C) to ensure diffusive stability. In con-
trast to layer 163, layer 165 should never be totally depleted
in operation. Layers 165 and 163 form the two plates of a
parallel plate capacitor which forms the field-effect input to
all devices. This planar carbon doped layer 165 represents
the bottom p-type charge sheet that 1s being added to the
PHEMT structure and 1s essential to the invention. Layer
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166 1s deposited on layer 165 and 1s the upper waveguide
cladding layer for the laser, amplifier and modulator devices.
This layer has the composition of Al _;Ga,__,As with a
p-type doping level of 10"" cm™ and a thickness typically
of 600-1000 A. Layer 167 1s the final layer in the epitaxial
crowth and 1s a very thin layer of GaAs of p++ type doping
which 1s doped with the impurity C to extremely high levels
to facilitate the formation of a low resistance ohmic contact.
Typical values of thickness and doping of layer 167 arc 100
A and 10%° em™3, respectively. This planar doped carbon

layer 167 represents the top p-type charge sheet that 1s being
added to the PHEMT structure. The band diagram of the

FIG. 1A structure 1s shown in FIG. 1B.

The composition of the quantum well layers 160
described above determines the emission wavelength of the
lasers formed as the optical emission devices 1n this opto-
clectronic technology. What has been described 1s an
approach to building a modulation-doped double hetero-
structure 1n a III-V materials system that enables the for-
mation of lasers, detectors, modulators and transistors as
part of an integrated circuit. Any combination of III-V
materials 1s possible in which a quantum well with a narrow
band gap may be grown epitaxially with surrounding layers
of larger band gap all lattice matched to a starting substrate.
For example, if the quantum wells are GaAs (and the
barriers are AlGaAs) then the wavelength 1s around 850 nm.

Whereas, if the quantum wells are grown as InGaAs layers
with compressive strain, and the barriers are GaAs, then the

wavelength may be varied from 920 nm to 1.1 microns
depending upon the percentage of In incorporated in the
orowth. As the In content i1s increased, the maximum or
critical thickness of the quantum well layer to avoid relax-
ation decreases. At the same time the energy gap of the layer
decreases and the emission wavelength increases. The most
important commercial wavelength 1n this range presently 1s
980 nm which 1s used as the pump source for erbium doped
fiber amplifiers.

Another possibility for lattice matched material 1s
obtained by incorporating some percentage of nitrogen (N)
into the InGaAs layer to produce a layer of InGaAsN. It has
been recently demonstrated that small amounts of N of the
order of 2-5% may be incorporated to replace a similar
fraction of the As atoms and thereby result 1n a reduction of
the energy gap and thus an increase 1n the emission wave-
length. Lasers with a wavelength of 1300 nm have been
demonstrated and 1t 1s predicted that wavelengths up to 1600
nm are possible with the right combination of In (reduction
of Ga) and N (reduction of As) and the appropriate degree
of strain. The strain may be either compressive (which tends
to increase the wavelength) or tensile (which tends to
decrease the wavelength). These combinations allow the
implementation of the optoelectronic device family
described above with emission and detection at the com-
mercially important wavelength of 1500 nm. Thus 1t enables
the formation of modulators, switches, detectors, amplifiers
and lasers together with FET electronics all at the wave-

length of 1500 nm.

Another example of an important material system 1n
which this device family could be realized 1s GaN. Ideally
one could start with a GalN substrate to set the proper lattice
parameter. However, 1t 1s difficult and costly to obtain such
materials and various alternative have been developed
including sapphire and Si1C substrates. Achieving a well
lattice matched substrate 1s a challenge. Assuming that the
substrate 1s reasonably well matched, it 1s then possible to
orow double heterostructures consisting of AlGaN for the
cladding layers, GaN for the SCH layers and InGaN for the
quantum well layers. Various other combinations can be
considered.
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To form resonant cavity devices, a dielectric mirror 1s
deposited on this structure during the fabrication process.
The distance between the mirrors 1s the thickness of all

layers from 153 to 167 inclusive. In designing this structure,
this thickness must represent an integral number of half-
wavelengths at the designated wavelength, and the thickness
of e.g. layer 166 1s adjusted to enable this condition. The
structure of FIG. 1A can be made, for example, using known
molecular beam epitaxy techniques.

Using the multilayer structure described above with
respect to FIGS. 1A and 1B, optoelectronic devices and
transistors can be made 1n accordance with the sequence of
steps shown 1n FIGS. 2A-2H. Device fabrication begins
with the formation of alignment marks 199 by wet or dry
ctching as shown 1n FIG. 2A. Then, a dielectric layer 201 of
silicon nitride (Si;N,) or other suitable dielectric material is
deposited over the entire surface, and an N-type implant 200
1s performed into some of the active device structures as
shown in FIG. 2B. The 1on implants 200 penetrate the
dielectric layer 201 as shown. For example, the 10n 1implants
200 are implanted for disposition under the gate electrode
for current steering functions of optoelectronic devices as
shown 1n FIG. 2G, and the 1on implants 200 are implanted
into the quantum well inversion channel (layers 159,160)
and into the undoped spacer layer 138 for depletion-mode
FET devices as shown in FIG. 2H(b). In the next step as
shown 1n FIG. 2C, the optical apertures of the optoelectronic
devices (e.g., lasers, detectors and modulators) are defined
with photoresist, the nitride layer 201 1s etched, and refrac-
tory metal 202 (such as tungsten) is lifted off to form the
cgate/emitter metal pattern. Alternatively, if the dielectric
layer 201 1s sufficiently thick to block a source-drain
implant, then lift-off of the refractory metal may be avoided
by using a direct patterning procedure for the gate/emitter
metal layer. The opening in the gate/emitter metal layer
(which corresponds to the optical aperture defined by the
implants 200) is made somewhat larger than the separation
between the implants 200 to minimize the effects of optical
scattering at the metal edges. The next photomask defines
the gate/emitter metal feature by protecting the metal layer
202 with photoresist where a feature 1s desired and etching
the refractory metal. This gate/emitter metal feature 202 1s a
multifunctional electrode since it serves as the p-type emitter
contact for the bipolar type transistors, as the p-type gate
contact for the FET type transistors, and the p-type gate
contact for the FET laser/detector/amplifier/modulator.
These electrodes are labeled in FIGS. 2G and 2H(a) and
2H(b). Where there is no optical opening, a field-effect
transistor 1s obtained and where there 1s an opening an
optoelectronic device 1s formed. The photoresist may protect
regions of the gate/emitter metal layer 202 or the nitride
layer 201 shown i FIGS. 2D and 2E. With the photoresist
still 1n place, N-type 1ons are implanted to create regions
labeled 203 thereby forming low resistance contacts which
are selt-aligned to the inversion channel by the nature of the
construction as shown 1n FIGS. 2D and 2E. The impurity
type of the implant 1s N+ 1n order to supply electrons to the
channel since the modulation doped layer 163 1s also N type.
As shown 1n FIG. 2F, the regions of the dielectric layer 201,
which are disposed outside the channel contact implant
regions 203, are etched to make contacts to the p-type layers
156/157/171/170 (which are subsequently metallized to
form the collector terminal of the FET and bipolar transistor
devices). After removal of photoresist, the wafer is then
subjected to a rapid thermal annealing procedure which
typically consists of a temperature of 950° C. for a time of
10 sec. This anneal has two functions which are to activate
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all 1on 1mplants and to perform disorder of selected areas 1n
the formation of waveguides. To achieve selective disorder,
sections of the dielectric layer 201 are replaced with oxide

(S10,) as described in conjunction with FIGS. 3A-3D. The
next step 1s to pattern the wafer to protect all active devices,
and then perform a deep etch as shown 1n FIG. 2F. The
ctching 1s performed down to the GaAs substrate 150. The
sample 1s then oxidized 1n a steam ambient to convert the
mirror layers 152 of AlAs to mirror layers 152 of AL.O, as
shown 1n FIG. 2F. During this step, there 1s also lateral
oxidation of Al,., layers to create oxide regions 205 which
provides passivation of sidewall layers. However the col-
lector contact regions remain unoxidized. Following the
oxidation, metallization 1s performed wherein all of the N
type regions are then contacted with N type alloy metal 207
(e.g., AuGe Ni/Au) and all of the P type regions are
contacted with P type alloy metal 208 (¢.g., AuZn Cr/Au) as
shown in FIG. 2G. Both the N type and P type alloy metals
are deposited preferably by lift-off techniques. In this met-
allization technique, openings are patterned in photoresist
and the Au metal 1s deposited on the resist and 1n the
openings. However other types of metal patterning which do
not require lift-off are also possible and may be preferred to
enhance yield 1n a manufacturing process. Then polyimide
dielectric 1solation 1s applied, contact holes are formed and
lift-off of gold interconnect patterns 1s performed which also
defines bonding pads. The final step 1s the deposition of the
upper dielectric mirror comprised of alternating layers of
low refractive index material 211 (such as Si0O,) and high
refractive index material 212 (such as GaAs) as shown in

FIGS. 2G and 2H(a) and 2H(b). Holes would then be etched
through these layers to make contact to the bonding pads.

At this stage several different types of devices have been

created and these are shown by the final cross-sections 1n
FIGS. 2G and 2H(a) and 2H(b). FIG. 2G shows the cross-

section of the HFET laser, the HFET detector, the HFET
optical amplifier and the HFET modulator. It 1s to be
emphasized that the identical structure performs as all of
these optoelectronic devices depending upon the biases
applied to the terminal nodes. As shown, the current steering,
implants 200 are placed to optically confine the vertically
propagating mode, which it does 1n two ways. First, the
implants 200 guide electrical p-type carriers from the refrac-
tory gate contact 202 into the section of active channel of
layers 160, 159 that are positioned between the implants
200, and this 1s indicated by the arrows which show the
conduction path. The arrows indicate a two dimensional
conduction path for positive carriers. The major portion of
implant 200 lies 1n the regions 166 and 158 which are the
wide bandgap cladding layers. For gate to source voltages
less than the built-in voltage (typically 2V) of these layers,
there will be no conduction into regions 200 but instead the
carriers will be funneled into the active layer along the
current steering path as defined by the arrows. Therefore the
implants allow the metal contact to be displaced away from
the optical aperture, so that in the case of the laser for
example, photons can only be produced 1n the quantum well
section between the implants. Second, the implanted sec-
tions are slightly lower 1n index so that optical propagation
in the cavity 1s guided 1nto the region between the implants.

One of the most important devices realized by the struc-
ture of FIG. 2G 1s the laterally injected vertical cavity
surface emitting laser (VCSEL). In the operation of the laser,
there 1s a strong forward bias applied between the gate (202)
and the source (207) terminals so that the electrons from the
source populate the channel simultaneously with holes
injected from the gate and lasing takes place either as a
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vertical cavity device or as an edge emitter. For the vertical
cavity operation, the cavity 1s formed by the top and bottom
DBR mirrors as already described whereas for the edge
emitting operation, the cavity 1s formed by cleaved facets.
However, 1f the reflectivity of the device as an edge emitter
1s made very small, then the operation of an optical amplifier
1s obtained. On the other hand, 1f a moderate forward bias 1s
applied between the gate (202) and the source (207)
terminals, only electrons populate the channel and then the
device performs as a modulator with a high on/off ratio. The
optical amplifier also can be considered to perform as a
modulator 1n which there 1s internal gain to compensate for
the msertion and absorptive losses of the device. If a reverse
bias is applied between the source (207) and gate (202)
terminals, then electron and holes in the channel are sepa-
rated to the source and gate respectively and the device 1s a
detector with either resonant cavity features or waveguide
features. What has been accomplished 1s to adapt the elec-
trode potentials of the source (207), gate (202) and collector
(208) terminals so that when light is admitted through the
top DBR mirror and the optical aperture formed by the 1on
implant 200 or through the bottom DBR mirror, then reso-
nant absorption may take place in the quantum well mver-
sion channel resulting 1n the production of electron-hole
pairs such that the electrons are conducted to the source
contacts (207), and the holes are conducted to the gate
contact (202) or the collector contact (208) depending upon
the relative potentials of the collector and the gate. With this
operation, the function of the resonantly enhanced optical
detector 1s obtained since the absorption 1n a single quantum
well 1s greatly increased by the cavity resonance. It 1s
advantageous to reduce the width (W) of implant regions
203 to reduce diode capacitance and improve speed.

FIGS. 2H(a) and 2H(b) illustrate the active device struc-
ture for two exemplary HFET transistors realized from the
multilayer structure of FIG. 1A. FIG. 2H(a) illustrates an
enhancement-mode device (having a positive threshold
voltage). FIG. 2H(b) illustrates a depletion-mode device
(having a negative threshold voltage). Note that the
depletion-mode device of FIG. 2H(b) includes an n-type ion
implant (shown with single hatching) in the channel region,
while the enhancement-mode device of FIG. 2H(a) does not
include an n-type 1on implant 1n the channel region. The
HFET 1s the fundamental device produced by this technol-
ogy and 1s unique because 1t employs an ohmic gate contact
with a modulation doped structure. The source, drain and
gate contacts are used conventionally and the collector is
connected as a back gate similar to the substrate contact in
a silicon-based MOSFET transistor. In this case, the collec-
tor contact, the source and drain contacts and the gate
contact are required. The drain dimension (W) in FIGS.
2H(a) and 2H(b) is minimized by the trench etch to reduce
capacitance. If the source and gate potentials are maintained
at less than about 1.6V which 1s the cut-in voltage of the
thermionic conduction from the emaitter to the collector, then
the operation 1s limited to that of the field effect transistor.
This structure also functions as a bipolar transistor by using
the gate metal electrode as an emitter terminal, the two
source electrodes on either side of the channel as the control
terminal (this is the base in a conventional bipolar
transistor), and the collector electrode as the traditional
collector terminal 1n a bipolar transistor. When the emitter to
collector voltage 1s increased above the threshold for ther-
mionic emission over the modulation doped barrier, then
bipolar transistor action 1s obtained whereby the 1njection of
current into the control terminal modulates the thermionic
current between the emitter and the collector. This bipolar
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device eliminates the conventional neutral base region and
replaces 1t with an inversion channel. The advantages are the
climination of recombination and scattering in the base
region and the base transit time.

The fabrication procedure of FIGS. 2A-2F also produces
waveguides as shown 1n FIGS. 3A-3D. FIG. 3A shows the
cross-section after the lift-off of gate/emitter metal layer 202
but before etching it. The 1mplants 200 used in the active
devices and shown 1n FIG. 2B are also used here to provide
optical confinement in the waveguide core. The spacing
between the 1mplants 200 will be slightly smaller than the
final waveguide pattern. In FIG. 3B, the waveguide area has
been defined by etching the dielectric region 201 and
depositing an oxide layer 210 (e.g., Si0,) to cover the
waveguide core region (whose lateral dimension x is shown
in FIG. 3A) and the regions external to the waveguide
(whose lateral dimension y as shown in FIG. 3B) where the
cgate/emitter metal layer 202 was etched away. However, 1t
1s 1mportant to note that dimension y 1s larger than the final
waveguide dimension w, as shown 1 FIG. 3C. The final
waveguide dimension w, will be placed inside this region
such that x<w_ and x<y. The next step is a rapid thermal
annealing operation. In this step, the regions covered with
oxide layer 210 experience Impurity Free Vacancy Disor-
dering (IFVD) which increases the bandgap locally to sub-
stantially eliminate absorption 1n the guided region. The
regions covered with dielectric layer 201 show essentially
no effects of IFVD. FIG. 3C shows the passive waveguide
after trench etch and the oxidation which shows the outer
extremities of the guide which are formed by the air inter-
face. However the main guiding action 1s achieved by the
presence of the oxidized AL O, sections 205 produced by
lateral oxidation during the oxidation procedure and by the
implanted regions 200 as discussed above. At this stage, the
oxide layers 210 and dielectric layers 201 are removed and
the P+ surface layer 167 i1s etched away. Then the final
waveguide pattern 1s used and the material outside the
waveguide core 1s etched down to the P+ charge sheet layer
165. Therefore the etch 1s stopped at a typically distance of
300—-400 A above the quantum wells 1n which the maximum
optical intensity resides. After this, the top DBR dielectric
layers 211 an 212 are applied 1n the form of a stack as a final
waveguide cladding layer. Note that the polyimide layer 1s
not to be used 1n the waveguide structure. Thus the final
waveguide 1s a double ridge structure 1n which a shallow rib
of the order of 1000 A defines the internal core dimension
and a much larger rib of a depth about 2 um defines the outer
extremities of the guide. By design very little of the optical
energy will penetrate to the external boundaries.

There has been described and 1illustrated herein a layer
structure and methods for fabricating an integrated circuit
device which allows for one or more of FET and bipolar
transistors, optical emitters, optical detectors, optical
modulators, optical amplifiers and other optoelectronic
devices utilizing an 1mnversion channel created by modulation
doping. While particular embodiments of the invention have
been described, 1t 1s not intended that the invention be
limited thereto, as i1t 1s mtended that the invention be as
broad 1n scope as the art will allow and that the specification
be read likewise. Thus, while particular layers have been
described with particular thicknesses and with particular
types and strengths of dopings, 1t will be appreciated that
certain transition layers could be removed and/or additional
layers and/or sublayers could be utilized, and further that the
layers could have different thicknesses and be differently
doped. Also, while particular layers have been described
with reference to their percentage content of certain
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constituents, 1t will be appreciated that the layers could
utilize the same constituents with different percentages, or
other constituents. In particular, any combination of III-V
materials 1s possible in which a quantum well with a narrow
band gap may be grown epitaxially with surrounding layers
of larger band gap all lattice matched to a starting substrate.

Additionally, while particular formation and metallization
techniques have been described, 1t will be appreciated that
the described structures can be formed 1n other manners, and
other metals used to form terminals. Further, while particular
arrangements of bipolar and FET ftransistors, optical
emitters, detectors, modulators, amplifiers, etc. formed from
the described semiconductor structure have been described,
it will be appreciated that other devices may be formed from
the provided structure and components. Moreover, while the
invention was described as providing a monolithic layer
structure from which different semiconductor elements can
be mmplemented together, 1t will be appreciated that the
invention pertains to utilizing the layer structure regardless
of whether a chip utilizing the structure utilizes only a single
technology (e.g., FETS), or whether multiple technologies
(e.g., lasers, detectors, optical amplifiers, modulators, FETs,
and bipolar transistors) are utilized together on the chip. At
the same time, while the drawings only show a single
clement, 1t will be appreciated that chips utilizing the
invention may include millions of horizontally laid-out
clements, including one or more of the listed technologies.
It will therefore be appreciated by those skilled 1n the art that
yet other modifications could be made to the provided
invention without deviating from its spirit and scope as
claimed.

What 1s claimed 1s:
1. A semiconductor device comprising;:

a) a series of layers formed on a substrate, said layers
including a first plurality of layers, a second plurality of
layers formed above said first plurality of layers, and at
least one undoped spacer layer formed above said
second plurality of layers, wherein said first plurality of
layers form a first distributed bragg reflector mirror and
said second plurality of layers form at least one quan-
tum well;

b) at least one pair of first n-type ion implant regions with
a vacancy-disordered waveguide region therebetween,
said waveguide region having minimal absorption loss
and contributing to lateral confinement of light therein.

2. A semiconductor device according to claim 1, wherein:

said second plurality of layers form a modulation doped
quantum well structure that includes an n-type modu-
lation doping layer.
3. A semiconductor device according to claim 2, further
comprising:
a p-contact metal layer formed over said modulation
doped quantum well structure;

second n-type 1on implant regions that are electrically
coupled to said modulation doped quantum well
structure, and

an n-contact metal layer formed on second n-type 1implant

regions to realize an HFET device from said series of
layers.

4. A semiconductor device according to claim 3, further
comprising;

a p-contact layer metal layer that 1s electrically coupled to

at least one p-type layer disposed below said second
plurality of layers to realize a collector electrode of said

HFET device.
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5. A semiconductor device according to claim 3, wherein:

said HFET device 1s an enhancement-mode FET device.
6. A semiconductor device according to claim 3, wherein:

an n-type 1on implant region 1implanted into said modu-
lation doped quantum well structure to realize a
depletion-mode FET device.

7. A semiconductor device according to claim 3, wherein:

saild waveguide region 1s part of an optical waveguide
structure with sidewalls; and

sidewalls of saxd HFET device are formed from the same
ctching operation that forms said sidewalls of said
optical waveguide structure.
8. A semiconductor device according to claim 7, further
comprising:

oxidized sections along said sidewalls of HFET device.
9. A semiconductor device according to claim 2, further
comprising:
a p-contact metal layer formed over said modulation
doped quantum well structure,

second n-type 1on implant regions that are electrically
coupled to said modulation doped quantum well
structure,

an n-contact metal layer disposed on said second n-type
1on 1mplant regions, and

a p-contact layer metal layer that 1s electrically coupled to
at least one p-type layer disposed below said second
plurality of layers,

to thereby realize a bipolar-type transistor device from
said series of layers.
10. A semiconductor device according to claim 9, wherein

said waveguide region 1s part of an optical waveguide
structure with sidewalls; and

sidewalls of said bipolar-type transistor device are formed
from the same etching operation that forms said side-
walls of said optical waveguide structure.
11. A semiconductor device according to claim 10, further
comprising:
ox1dized sections along said sidewalls of said bipolar-type
transistor device.
12. A semiconductor device according to claim 1, further
comprising;
c¢) sidewalls with oxidized sections along said sidewalls;
and

d) a plurality of layers disposed over said waveguide
region to form a top distributed bragg reflector mirror,
to thereby realize an optical waveguide structure.

13. A semiconductor device according to claim 12,

wherein:

said series of layers further comprises an undoped spacer
layer and at least one p-type layer formed between said
first plurality of layers and said second plurality of
layers.

14. A semiconductor device according to claim 13,
wherein:

said sidewalls of said optical waveguide structure extend
down through said undoped spacer layer and said at
least one p-type layer formed between said first plu-
rality of layers and said second plurality of layers.
15. A semiconductor device according to claim 13,
wherein:

saild undoped spacer layer formed between said first
plurality of layers and said second plurality of layers
comprises GaAs.
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16. A semiconductor device according to claim 13,
wherein:

said at least one p-type layer formed between said first
plurality of layers and said second plurality of layers
includes a plurality of p-type AlGaAs layers formed on
a layer of P+-type GaAs.
17. A semiconductor device according to claim 12,
wherein:

said sidewalls of said optical waveguide structure extend

down through said first plurality of layers into said
substrate.

18. A semiconductor device according to claim 1,
wherein:

said first n-type 1on 1mplant regions penetrate to at least
said second plurality of layers.

19. A semiconductor device according to claim 1, further

comprising:

at least one p-type layer formed over said undoped spacer
layer, said at least one p-type layer comprising a p-type
charge sheet layer, a p-type cladding layer, and a p-type
ohmic contact layer.

20. A semiconductor device according to claim 19,
wherein:

portions of said p-type ohmic contact layer over said
waveguide region are removed.
21. A semiconductor device according to claim 19,
wherein:

said p-type charge sheet layer comprises AlGaAs of
P+-type doping;

said p-type cladding layer comprises of AlGaAs of mod-
est P type disposed on said p-type charge sheet layer;
and

said p-type ohmic contact layer comprises GaAs of P++
type doping disposed on said p-type cladding layer.
22. A semiconductor device according to claim 1, further
comprising:
second n-type 10n implant regions that define an optical
aperture for at least one optoelectronic device, said
second n-type 1on 1implant regions formed by the same
implant operation that forms said first n-type 1on
implant regions.
23. A semiconductor device according to claim 22,
wherein:

said second n-type 1on implant regions provide a current
steering path and two dimensional conduction for posi-
five carriers 1nto an active area of said optoelectronic
device.
24. A semiconductor device according to claim 22, further
comprising;
a p-contact metal layer formed over said second n-type
implant 10n regions,
third n-type 1on implant regions that are electrically

coupled to said modulation doped quantum well
structure, and

an n-contact metal layer formed on third n-type 1on
implant regions, to thereby realize a resonant vertical
cavity optoelectronic device from said series of layers.

25. A semiconductor device according to claim 24, further

comprising:

a p-contact layer metal layer that 1s electrically coupled to
at least one p-type layer disposed below said second
plurality of layers.

26. A semiconductor device according to claim 24,
wherein:

said resonant vertical cavity optoelectronic device com-
prises one of a laser, detector, modulator, and amplifier.
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27. A semiconductor device according to claim 24,
wherein:

saild waveguide region 1s part of an optical waveguide
structure with sidewalls; and

sidewalls of said resonant vertical cavity optoelectronic
device are formed from the same etching operation that
forms said sidewalls of said optical waveguide struc-
ture.

28. A semiconductor device according to claim 27, further

comprising:

oxidized sections along said sidewalls of said resonant

vertical cavity optoelectronic device.

29. A semiconductor device according to claim 1,
wherein:

said series of layers comprise group III-V material.

30. A semiconductor device according to claim 1,
wherein:

said first plurality of layers comprise a plurality of layer
pairs of GaAs and AlAs, respectively, wherein said
AlAs 1s oxidized to form said distributed bragg reflec-
for mirror.
31. A semiconductor device according to claim 1,
wherein:

said second plurality of layers comprise a plurality of
quantum wells of strained InGaAs separated by GaAs
barrier material.
32. A semiconductor device according to claim 1,
wherein:

said second plurality of layers comprise a modulation
doped layer of n-type AlGaAs.
33. A semiconductor device according to claim 1,
wherein:

said undoped spacer layer comprises AlGaAs.
34. A semiconductor device according to claim 33,
wherein:

said undoped spacer layer has a thickness between 200 A
and 300 A.
35. A semiconductor device according to claim 1,
wherein:

said series of layers are formed utilizing molecular beam

epitaxy.

36. A multifunctional waveguide device constructed 1n an
epitaxially grown III-V quantum well semiconductor struc-
ture 1n which two separated metal electrodes form gate/
emitter contacts to a top layer with P++ type conductivity
thereby defining a waveguide rnb and a quantum well
channel extending across said rib and simultaneously an
optical opening between said metal electrodes to accommo-
date an optical mode propagating in said waveguide but such
that said electrodes are connected electrically by said top
layer, the conduction of hole type carriers from said gate/
emitter contacts being guided into the quantum wells
directly below the optical opening by the presence of N+
type implants directly underneath said metal electrodes and
in which a second type of metal contact 1s applied on either
or both sides of said waveguide rib to form low resistance
source contacts to source regions formed by 10on 1implanta-
fion with N type 1ons, said 1on implanted regions being
rapidly thermally annealed to form pn junctions with p type
epitaxial layers below said quantum wells and said p type
layers forming a collector region which 1s contacted by a
collector contact to permit the flow of holes and the adjust-
ment of the potential of said collector region, said thermally
annealed regions being self-aligned to said gate/emitter

contacts and forming low resistance N+ type contacts for
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transfer of charge 1nto and out of said channel, the voltages
applied between said source and gate/emitter contacts con-
trolling the flow of charge into and out of said channel, the
length of said waveguide device bemng defined by a very
slight change 1n energy gap and therefore reflectivity at its
boundaries to passive waveguide sections using a fabrication
technique like impurity free vacancy disordering such that
cguided optical waves make only a single pass through said
waveguide length due to the low reflectivity, said waveguide
device performing as either a laterally accessed optical
detector in which photogenerated holes are removed to said
gate/emitter contacts or said collector contact and photoge-
nerated electrons are removed to said source contacts, an
optical modulator 1n which electrons are i1njected 1nto said
channel and holes are 1njected 1nto said collector contact and
said gate/emitter contacts causing a substantial shift in
absorption edge and a large change in refractive index of
said quantum wells, or as an optical amplifier 1n which
stimulated emission occurs in said quantum wells due to
clectrons 1njected from said source contacts and holes
injected from said gate/emitter contacts as the voltage
applied between said source and gate/emitter contacts and
therefore channel charge concentration is increased, the
material layer structure for said waveguide device compris-
ing an epitaxially grown distributed brage reflector mirror;
a first layer of P+ type GaAs deposited on said epitaxial
mirror; a layer of P type AlGaAs of high Al concentration;
a PHEMT transistor epitaxial layer structure using N type
modulation doping, said PHEMT consisting of a layer of
aluminum gallium arsenide, a layer of GaAs of 100-300 A,
at least one quantum well surrounded by barriers, a spacer
layer of aluminum gallium arsenide, a modulation doped
layer of aluminum gallium arsenide and a gate spacer layer
of aluminum gallium arsenide of thickness 200-300 A; a
planar doped layer of P+ type aluminum gallium arsenide
disposed on said gate spacer layer; a cladding layer of
aluminum galllum arsenide of modest P type doping dis-
posed on said planar doped layer; a top layer of GaAs of P++
type doping disposed on said cladding layer to realize said
top layer as a low resistance contact to said gate/emitter
contacts.

37. A multifunctional waveguide device as described 1n
claim 36, wherein said at least one quantum well comprises
one of InGaAs and InGaAsN and said barriers comprises
GaAs, wherein the concentrations of In and N are chosen to
maintain a lattice match to underling layers, including a
GaAs substrate, by producing zero strain, compressive strain
or tensile strain, and also chosen such that wavelengths 1n
either 1n a range of 0.9 um to 1.1 um when the quantum well
1s InGaAs or 1in a range of 1.25 um to 1.6 um when the
quantum well 1s InGaAsN, are available for the emaission,
detection, amplification and modulation of light in said
wavelength range.

38. The waveguide device as described 1n claim 36, with
the active layer in the PHEMT portion of said structure
comprised of quantum wells of InGaAsN and barriers of
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GaAs with the concentrations of In and N chosen to maintain
a lattice match to underling layers, including a GaAs
substrate, by producing zero strain, compressive strain or
tensile strain, with one of said gate/emitter contacts config-
ured as the gate of a field effect transistor and said source
contacts configured as the source and drain of a field effect
transistor so that operation as an electronic device integrated
with said multifunction waveguide device 1s possible.

39. The waveguide device as described 1n claim 36, with
the active layer 1in the PHEMT portion of said structure
comprised of quantum wells of InGaAsN and barriers of
GaAs with the concentrations of In and N chosen to maintain
a lattice match to underling layers, including a GaAs
substrate, by producing zero strain, compressive strain or
tensile strain, with one of said gate/emitter contacts config-
ured as the emitter of a bipolar field etfect transistor, one of
said source contacts configured as the input, control elec-
trode or virtual base of a bipolar field effect transistor and
said collector contact performing as the collector node of
bipolar field effect transistor so that operation as an elec-
tronic device integrated with said multifunction waveguide
device 1s possible.

40. The waveguide device as described 1n claim 36,
wherein an electronic device 1s integrated with said multi-
function waveguide device, the electronic device comprising
at least one of: a field effect transistor wherein one of said
gate/emitter contacts 1s configured as the gate of said field
effect transistor and said source contacts are coniigured as
the source and drain of said field effect transistor; and a
bipolar field effect transistor with one of said gate/emitter
contacts configured as the emitter of said bipolar field effect
transistor, one of said source contacts configured as the base
of said bipolar field effect transistor and said collector
contact performing as the collector of said bipolar field effect
fransistor.

41. A passive waveguide structure formed from an epi-
taxial layer structure consisting of a layer of aluminum
gallium arsenide, a layer of GaAs of 100-300 A, at least one
quantum well of strained InGaAs surrounded by GaAs
barriers to provide emission wavelengths 1n the range of 0.9
um, a spacer layer of aluminum gallium arsenide, a modu-
lation doped layer of aluminum gallium arsenide and a gate
spacer layer of aluminum galllum arsenmide of thickness
200-300 A; a planar doped layer of P+ type aluminum
gallium arsenide disposed on said gate spacer layer; a
cladding layer of aluminum gallium arsenide of modest P
type doping desposed on said planar doped layer; a layer of
GaAs of P++ type doping disposed on said cladding layer,
wherein said P++ layer 1s etched away, achieving lateral
confinement by virtue of N type implants and the oxidation
of Al rich layers to produce Al O, compounds along the
sidewalls of the rib of said waveguide, utilizing 1mpurity
free vacancy disordering which 1s achieved by the deposi-
tion and rapid thermal anneal of an S10, layer.
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